Aromatic sulfonates, such as the benzene and stilbene derivatives, are widely used in a variety of industrial processes. 1 Benzene sulfonates are used as intermediates in the production of ion-exchange resins, pesticides and wetting agents, while stilbene sulfonic acids are used as intermediates in the preparation of optical brighteners and synthetic dyes. Although these compounds have been produced and used for a long time, little information is known about their toxicology and ecotoxicology. Further, these compounds are highly soluble in water, and are not easily degradable in environmental biological systems.
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Benzene sulfonates are used as intermediates in the production of ion-exchange resins, pesticides and wetting agents, while stilbene sulfonic acids are used as intermediates in the preparation of optical brighteners and synthetic dyes. Although these compounds have been produced and used for a long time, little information is known about their toxicology and ecotoxicology. Further, these compounds are highly soluble in water, and are not easily degradable in environmental biological systems. 2 These are highly persistent and accumulate in natural ground and surface water, causing environmental problems, which, in turn, call for efficient procedures for the separation and determination of a broad range of compounds in aquatic environment. 3, 4 A variety of chromatographic and electrophoretic techniques have been applied for the analysis of aromatic benzene and stilbene sulfonates in different sample matrices. 5, 6 Gas chromatography (GC) has limited applications because of the non-volatility of these compounds. Derivatization to their trimethylsilyl, methyl esters and thionyl chlorides were reported. 7, 8 However, these methods are not suitable when polar functional groups, such as hydroxyl and amino, are attached to the aromatic rings. For this reason, the liquid-chromatographic and electrophoretic methods are preferred to GC. Recently, capillary zone electrophoresis (CZE) with UV and fluorescence detectors has been used extensively. 9 Cugat et al. have reviewed a large number of electrophoretic methods for the determination of benzene and naphthalene sulfonates in water. 10 Anion exchange and ion-pair reversed-phase high-performance liquid chromatography (RP-HPLC) are the most generally used techniques for the analysis of these compounds. [11] [12] [13] Numerous LC methods with different detection systems, such as UV, fluorescence and particle beam electron impact mass spectrometry, have been reported in the literature. 14, 15 Although LC-MS is the technique of choice, isomers of the most polar sulfonic acids are not well separated in the buffers used as mobile solvents. The most widely used approach of ion-pair reversed-phase liquid chromatography suffers from a nonvolatility of tetraalkylammonium salts, which contaminate the ESI/APCI interfaces and, consequently, precludes the use of LC-MS as a tool for this purpose. Several alternatives to the use of non-volatile ion-pairing agents have been reported. 16, 17 The use of aqueous ammonium acetate buffers as ion-pairing electrolytes for thermo-spray LC-MS of aromatic sulfonates has been well studied. 18 However, ammonium acetate is too weak an ion-pairing agent for RP-HPLC, and its use has therefore been restricted to only a limited number of compounds. Recently, formate volatile ion-pairing agents seem to be gaining more importance as an alternative to ammonium acetate. However, as of today, no LC-MS methods involving the use of volatile ion-pairing reagents for the simultaneous determination of benzene and stilbene sulfonates in an aqueous environment are available in the literature. In the present paper we describe the simultaneous separation and determination of benzene and stilbene sulfonic acids by liquid chromatography-photodiode array (LC-PDA) detection, followed by electrospray mass spectrometry (ESI-MS) in the negative-ion mode using the gradient elution of ammonium formate-methanol as a mobile phase.
Experimental

Materials and reagents
Ammonium formate (analytical reagent grade) (SD. Fine Chem., Mumbai, India) and HPLC-grade methanol (Spectrochem pvt. Ltd., Mumbai, India) were used. Sulfonic acids viz., metaphenylenediamine-4-sulfonic acid (MPDSA), 3- Glass-distilled water was deionized using a Nanopure II D 3700 cartridge (Nanopure, Barnsted, MA, USA).
Apparatus
The HPLC system was composed of two LC-10AT VP pumps, an SPD-M10AVP diode array detector, an SIL-10AD VP auto injector, a DGU-12A degasser and an SCL-10A VP system controller (all from Shimadzu, Kyoto, Japan). A reversed-phase Hypersil BDS C18 column (250 × 4.6 mm i.d., 5 µm particle size) (Thermo Quest, Hypersil, Runcorn, UK) was used for separation. The chromatographic and integrated data were recorded using an HP-Vectra (Hewlett Packard, Waldronn, Germany) computer system. A mass spectrometer (Quatro LC, Micromass, UK) coupled with HPLC (Hewlett Packard, Palo Alto, CA, USA) was used for LC-ESI-MS studies.
LC-PDA
The mobile phase, consisting of methanol-0.05 M ammonium formate, was initially programmed to elute 100% 0.05 M ammonium formate up to 4 min, followed by a linear gradient of 60% methanol within 25 min and back to 100% buffer within 30 min. The mobile phase was filtered through a 0.45-µm PTFE filter and degassed using a vacuum before delivering into the system. The analysis was carried out using a reversed-phase Hypersil BDS C18 column (250 × 4.6 mm i.d., 5 µm) and a flow rate of 1.0 mL/min at room temperature (28˚C). Chromatograms were recorded at 254 nm using an SPD-M10A VP diode array detector.
LC-ESI-MS
LC-ESI-MS analyses were performed with an HP Series 1100 liquid chromatograph (Hewlett Packard, Palo Alto, CA, USA) and a Micromass Quatro LC mass spectrometer equipped with electrospray (ESI) and atmosperic pressure chemical ionization (APCI) interfaces. The chromatographic separation was carried out with Hypersil C18 reversed-phase column and gradient elution with ammonium formate-methanol as the mobile phase at a 1 mL/min flow rate. Analyses were performed with an ESI interfacing technique in the negative-ion mode of operation throughout all of the experiments. Nitrogen was used as a nebulizer and dissolution gas. The operating parameters were: nebulizer gas flow, 0.9 L/min; dissolution gas flow, 9.8 L/min; nebulizer pressure, 50 psi; capillary voltage, 3.0 kV; cone voltage, 25 V; source block temperature, 80˚C; disolvation temperature, 20˚C; and ion energy, 2.0 V. MS measurements were performed in the full-scan mode over the mass range of m/z 50 to 1000 with 0.21 scans/s.
Analytical procedure
Standards of benzene and stilbene sulfonates (50 µg each/ml) were dissolved in the mobile phase, and a 20 µL volume of each sample was injected and chromatographed under the above conditions. Synthetic mixtures and waste-water effluents were analyzed under identical conditions. The peaks were identified by comparing not only with the retention times of the standards but also the fragmentation patterns obtained by ESI-MS. Solutions containing each analyte in the range of 0.05 -25 mg/L were prepared and used for linearity, LOD and LOQ determinations. Figure 1 shows the chemical structures of the benzene and stilbene sulfonates studied in the present investigation. The compound abbreviations, molecular formulae and CAS numbers are recorded in Table 1 . These substances belong to a family of optical brighteners, which show not only a widespread use in organic chemistry, but also important applications for environmental and toxicological purposes. A Hypersil BDS C18 analytical column was used for the chromatographic separation of all thirteen compounds using a gradient elution performed as shown in Table 2 . As the concentration of ammonium formate was increased, the analytes retained more on the stationary phase, while the concentration of methanol was increased, it reduced the interactions between the analytes and the stationary phase, and consequently decreased the run time. When 0.05 M ammonium formate alone was used as the eluent, the analytes, such as disulfonic acids with -NO2 and -N3 groups, were not eluted. In 100% methanol, compounds such as monosulfonic acids with -NH2 groups were merged with each other. Thus a gradient program, as shown in Table 2 , was chosen for the elution and separation of all the compounds under investigation. It was observed that the elution order of the analytes depends on the functional groups present on the compounds. The mono sulfonic acids with amino (-NH2) groups eluted first, followed by disulfonic acids with -NH2 groups, mono sulfonic acids with nitro (-NO2) groups, disulfonic acids with both -NH2 and -NO2 groups, disulfonic acids with -NO2 groups and disulfonic acid with -N3 groups. The elution order was found to be the same under two different conditions checked using two different buffers viz., ammonium acetate and ammonium formate with methanol as an organic modifier. The HPLC conditions described in this study are suitable for ESI-MS due to the fact that the ammonium formate does not impair the mass spectrometric analysis. Figure 2 shows the HPLC chromatogram of the test substances. Retention data, including the relative responses of PDA detector and wavelengths of maximum absorption (λmax), are given Table 3 . It can be seen from Table 3 that the isomeric sulfonates viz., MPDSA, PPDSA, AASA and PPDSAA were well-separated under the conditions employed in the present study. The separation factors (α) between PPDSA (tR 2.60 min, k′ 1.19, λmax 219) and its isomer, MPDSA (tR 3.08 min, k′ 1.62, λmax 227), AASA (tR 8.15 min, k′ 4.61, λmax 227) and its isomer PPDSAA (tR 9.37 min, k′ 5.49, λmax 257) were determined to be 1.36 and 1.19, respectively.
Results and Discussion
The optimized LC conditions were evaluated for a quantitative determination of benzene and stilbene sulfonic acids in water using a PDA detector. Calibration plots of the peak areas versus concentration were obtained for all analytes by a linear regression of at least five data points in the range of 1 -500 ng at 254 nm. Calibration plots with correlation coefficients of R 2 > 0.99 were obtained. The lower limits of detection (LOD) and quantification (LOQ) were determined at signal to noise ratios of 3.0 and 9.0, respectively, and the results are recorded in Table 4 . The reproducibility of the peak areas checked by four consecutive injections of standard mixture. The peak areas of all analytes showed relative standard deviations in the range of 2.4 -3.8%. Figure 3 shows the total ion current trace of a synthetic mixture containing the benzene and stilbene sulfonates under study. It can be seen from Fig. 3 The proposed method was successfully adopted to determine the levels of aromatic sulfonates in different industrial wastewater effluents. An effluent sample obtained from industry was analyzed, and the total amount of sulfonates was found to be 613 ANALYTICAL SCIENCES APRIL 2003, VOL. 19 Table 2 
